Wind 
quorin and thus produced luminous plants that directly report cytosolic calcium by emitting blue light. With these plants we have found wind stimulation to cause immediate increases in cytosolic calcium and our evidence, based on the use of specific inhibitors, suggests that this calcium is mobilized from organelle sources. Our data further suggest that wind-induced movement of tissues, by mechanically stimulating and stressing constituent plant cells, is responsible for the immediate elevation of cytosolic calcium; increases occur only when the plant tissue is actually in motion. Repeated wind stimulation renders the cells refractory to further calcium signaling but responsiveness is rapidly recovered when stimulation is subsequently diminished. Our data suggest that mechanoperception in plant cells may possibly be transduced through intracellular calcium. Since mechanoperception and transduction are considered crucial to plant morphogenesis, our observations suggest that calcium could be central in the control and generation of plant form.
Wind is a primary environmental variable that markedly influences the growth, development, and distribution of plants. Even short exposures to wind greatly reduce plant size and leaf area and can dramatically diminish crop yield (1) . Stems, petioles, cuticles, and cell walls are thickened and the frequencies of specific cell types such as stomata, sclerenchyma, and hairs are greatly altered. Nothing is yet known concerning the perception or transduction of wind signals although immediate effects on respiration have been noted (2) . It is believed that the morphological alterations result from wind-induced changes in transpiration and gas exchange but a contribution from wind-induced movement has occasionally been suggested (1, (3) (4) (5) . It has been observed that shaking Liquidambar seedlings for 30 s a day reduced their subsequent height after 3 weeks to 20-30o of that of untreated seedlings and often induced premature dormancy (4) . Similar results have been noted for maize (6) . In soybean the second messenger calcium has been implicated in the growth inhibition response to mechanical stress (7) .
Aequorin is a bioluminescent protein from the coelenterate Aequorea victoria consisting of apoprotein, apoaequorin (Mr = 21,000), and a hydrophobic luminophore, coelenterazine (Mr = 423). When calcium ions (Ca2+) bind to this protein, the luminophore is discharged and emits a finite amount of blue light. For this reason, aequorin has often been used as an indicator of intracellular calcium concentration (8) . We have recently described the production of transgenic Nicotiana plumbaginifolia plants that express apoaequorin (9) . Treatment of these plants with coelenterazine allows the reconstitution of functional aequorin inside cells and thereby produces luminous plants whose light emission directly reports cytosolic calcium levels. These coelenterazine-treated plants contain a finite amount of functional aequorin, and once this is discharged by calcium, it can no longer luminesce until it is reconstituted with more coelenterazine. As long as only a fraction of the aequorin is consumed during measurements, however, changes in luminescence will directly reflect changes in cytosolic calcium concentration. Use of these plants has enabled us to observe rapid increases in cytosolic calcium concentration in response to touch, fungal elicitors, and cold shock, but no such responses to plant growth regulators, heat shock, or a range of chemical treatments have been observed. This demonstrates that calcium could be involved in transducing the effects of particular stimuli in plants. We now show that wind-induced plant motion immediately elevates cytosolic calcium, indicating the possible involvement of calcium signaling in mediating plant growth responses to wind.
MATERIALS AND METHODS
Construction of Chimeric Apoaequorin Gene. The entire apoaequorin coding region, from the cDNA clone pAEQ1, was amplified by the polymerase chain reaction (PCR) to remove homopolymeric dC-dG tails and to add Xba I and Pst I restriction enzyme sites at either end (9) . This Xba I-Pst I fragment was inserted into pDH51 (10) containing the cauliflower mosaic virus 35S transcription promoter and terminator. The whole chimeric gene was inserted into the EcoRI site of the Agrobacterium tumefaciens binary vector pBIN19 (11) to produce pMAQ2 (9) . All recombinant DNA manipulations followed standard procedures (12) . The plasmid pMAQ2 was mobilized from Escherichia coli to Agrobacterium tumefaciens LBA4404 by triparental mating (13) .
Plant Genetic Transformation. Nicotiana plumbaginifolia leaf disk transformation, using Agrobacterium tumefaciens LBA4404 containing pMAQ2, followed standard procedures (13 (12) . Plants were allowed to self-fertilize and the F1 progeny were tested for apoaequorin expression by Western blot analysis (9) . F1 progeny from the transformant expressing the highest levels of apoaequorin were selfed and homozygous progeny were used for subsequent experiments.
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Aequorin Reconstitution and Luminescence Measurements. Seedlings were germinated and grown for 7 days at 250C with a 16-h day length on solid medium containing Murashige and Skoog medium containing vitamins (2.35 g/liter) and agar (8 g/liter). At this stage the average height of the seedlings, including roots, was 8 mm and no true leaves had yet appeared. Aequorin was reconstituted by floating seedlings on water containing 2 ,tM coelenterazine (a kind gift from Tony Campbell, University ofWales College ofMedicine) for 6 h in the dark. Inhibitors (when used) were included with the coelenterazine at this stage. Luminescence measurements were made using a digital chemiluminometer with an EMI photomultiplier model 9757 AM at 1 kV with a discriminator (14) .
Video Recording. Nicotiana seedling movement was recorded using a Sony VHS video camera with a macro lens. The tracking speed was 50 frames per s with a shutter speed of 1 ms. Single sequential video frame images were captured with the memory facility of a Mitsubishi thermal copy processor and were then transferred as black and white pixel images to a computer. Image processing was performed using the SEMPER Version 6.3.1 software package from Synoptics (Cambridge, U.K.). The length of time seedlings were in motion was calculated by checking video footage frame by frame.
Wind Stimulation ofNicofiana Seedlings. For luminescence measurements aluminum foil was wrapped around the roots of a single seedling and the foil was then inserted into Blu-Tack putty (supplied by Bostik, Leicester, U.K.) at the bottom of a clear plastic luminometer cuvette. Cuvettes were then placed within the sample housing of the chemiluminometer. Instant wind stimuli (produced by the expulsion of air from a syringe through a spinal needle) were applied to the seedlings from above by a port in the sample housing. These wind stimuli were calibrated and wind forces were calculated by connecting luminometer cuvettes containing seedlings, as described above, to an energy transducer coupled to a chart recorder and applying the same stimuli as used for luminescence measurements.
RESULTS

Effect of Increasing Wind Force on the Cytosolic Calcium-
Responsive Luminescence of Nicoiana Seedlings. Seven-dayold transgenic seedlings loaded with coelenterazine were exposed to single instant wind stimuli of increasing force (1-12 N) . Fig. 1 shows that above a threshold value (6.5 N, in this case) immediate increases in cytosolic calcium resulted and that there was a graded relation between the wind force stimulus applied and the response. Similar responses were observed in 18 seedlings (Fig. 2b) .
The effect of wind stimulation on the growth of Nicotiana seedlings was also investigated (data not shown). Seedlings were grown for 7 days and exposed to water-saturated wind for 1 min twice daily from days 4 to 7. This treatment led to an -30% reduction of hypocotyl growth as compared to untreated control seedlings (data not shown).
Effect of Wind Stimulation on Nicotiana Seedling Movement. To better define which characteristics of the wind stimulus were important in causing an increase in cytosolic calcium concentration, a number of seedlings were videorecorded during wind stimulation. We had considered the possibility that an increased wind signal might simply increase the angle of wind-induced hypocotyl bending. If this were the case, then the graded response noted in Fig. 1 would reflect the increased number of cells subject to tension and compression as a result of movement. Our observations showed instead that the movement was complex (Fig. 2a) .
The hypocotyl oscillated pivotally around the crown, which was the point of attachment to the luminometer cuvette. of hypocotyl deflection was 80+ 2.50, 6°+ 1.50, and 12°± 2.00 (n = 4), respectively] but simply increased the length of time in which the hypocotyl was in motion (Fig. 2b) . There is a good correlation between the total time that the hypocotyl is in motion and the cytosolic calcium response measured as the height of the calcium spike as described for Fig. 1 Fig. 3a shows that there was a diminishing response for the first five to six stimulations and that, thereafter, the tissue was refractory to further stimulation. When stimulation ceased, there was a recovery period that was found in numerous experiments to last 45-60 s before full sensitivity was regained (Fig. 3a) .
To test whether this attenuation resulted from windinduced plant movement, seedlings were touch-stimulated 10 times on the hypocotyl, sufficient to ensure slight movement (Fig. 3b ). They were then subjected to wind stimuli provided at intervals of =15 s. This touch movement caused an attenuation to wind-induced cytosolic calcium elevation, which was then followed by a recovery period of about 1 min-i.e., very similar to the recovery period elicited by the wind stimulus alone (Fig. 3a) . When the cotyledons were moved (touched five times on each cotyledon) independently of hypocotyl movement, attenuation was not so complete. A slight calcium response could still be immediately elicited by wind and the recovery period was shorter (data not shown).
Cold-shock-induced cytosolic calcium increase (9) was not modified in any detectable way by prior repetitive wind stimulation (Fig. 3c) Fig. 4 . We examined a variety of ion channel blockers and other inhibitors for their potential to impair wind-induced cytosolic calcium increase. Concentrations of the plasma membrane calcium channel blocker lanthanum (15) and the stretchchannel-blocker gadolinium (16) , which completely abolish cold-shock-induced increase in cytosolic calcium, fail to affect the wind response. This shows that these inhibitors penetrate to appropriate cellular sites but that the wind response probably does not involve plasma membranelocated channels. In contrast 50 uM ruthenium red [a putative inhibitor of mitochondrial and endoplasmic reticulum calcium channels (8) ] abolished wind-induced cytosolic calcium increase but failed to affect cold-shock cytosolic calcium increase. This suggests that wind-induced elevation of cytosolic calcium is probably of intracellular origin. Only The hypocotyl of a single seedling was gently flexed 10 times, and the seedling was repeatedly stimulated with a 6.5 N wind force once every 15 s. (c) A single seedling was cold-shocked as described (9) . This was repeated with a single seedling that had been repeatedly wind-stimulated as described in a. when 1 mM ruthenium red was used was significant inhibition of cold-shock-induced calcium observed (data not shown).
DISCUSSION
Wind stimulation of transgenic Nicotiana seedlings containing functional aequorin results in immediate increases in calcium-dependent luminescence. Although the intracellular location of the aequorin has not been fully determined, it is most probably located in the cytosol (9) . If this is the case, then these results suggest that wind stimulation induces immediate increases in cytosolic calcium concentration. Although we cannot as yet quantify these increases, it is clear that there is a graded relation between the wind force stimulus applied and the response (Fig. 1) . As permanent bending of seedling hypocotyls does not induce a prolonged calcium response, it seems likely that the cytosolic calcium concentration increases only when the tissue is actually in motion. This is further substantiated by the observation that increasing the length of time over which the stimulation is applied increases the calcium response. Fig. 2b Prolonged stimulation with wind renders the seedlings refractory to further response (Fig. 3) . When stimulation ceases, however, the seedlings are capable of recovering sensitivity to wind within 45-60 s. This attenuation of response can be mimicked by mechanostimulation (by deliberately bending seedling tissue) indicating again that movement is the essential inducing component of the wind response. These observations may be pertinent to understanding the mechanisms of movement of tissues such as guard cells and petioles, which undergo movement normally as part of their function (17) .
We have described (9) calcium responses to touch stimulation that are similar to the wind-induced responses described here. Indeed the data in Fig. 3 suggest that touch responses mimic the attenuation produced by continual wind stimulation. Since it will be very difficult to touch a plant without concomitant movement, the thigmomorphogenic response described by Jaffe (18) and other mechanostimulatory responses described by others (3) (4) (5) (6) (19) (20) (21) (22) may simply represent a response to tissue motion and the ensuing transient change in tension and compression of constituent cells. Touch stimulation without concomitant tissue movement may not normally be a reality. Even slight touching will deform some cells and, on the basis ofour observations, there could be a transient increase in cytosolic calcium concentration as the cells are experiencing deformation. These data may, therefore, help to explain how rapid touch responses of tendrils and insectivorous plants are mediated (23) .
It has been shown that a variety of touch stimuli greatly increases Arabidopsis thaliana calmodulin gene expression within 30 min (19) . The touch stimuli employed in this case would all have (perhaps inadvertently) resulted in plant tissue movement and thus could have transiently increased the cytosolic calcium concentration of the treated tissues. Even watering plants, used to induce calmodulin gene expression, will cause leaf and stem movement. It seems possible, therefore, that there may be some relationship between the immediate motion-induced cytosolic calcium increases described here and the expression of the major plant calciumreceptor calmodulin.
The processes of stem height reduction, which are known to result from wind stimulation (1), touch (18, 19) , and shaking (4, 5), will no doubt require additional subsequent metabolic controls beyond the transient calcium responses shown here. It is over the longer term that ethylene may become a relevant controlling influence (18, 20) . A credible scheme envisages these early calcium transients as eliciting expression of genes encoding ethylene biosynthetic enzymes much as they may control calmodulin gene expression. Ifthis is the case, it suggests a rather interesting reversal of the normally accepted route of signal transduction in which hormones supposedly increase cytosolic calcium concentration. Senescence, abscission, and fruit ripening are all inhibited by treatment with exogenous calcium and all involve ethylene (24, 25) . This at least suggests that the relationship between calcium and ethylene synthesis may be more general.
Gadolinium ions have been used to selectively inhibit stretch-activated calcium channels in animal cells (16) . As this ion cannot inhibit wind-induced cytosolic calcium increase in Nicotiana (Fig. 4) , an alternative mechanism may be operating. Furthermore, the inability of lanthanum to inhibit the wind-induced cytosolic calcium increase suggests that the calcium is not entering through the plasma membrane. On the other hand both these channel blockers inhibited the cold-shock-induced cytosolic calcium increase, which suggests that the major source of calcium in this case is through the plasma membrane. It has been demonstrated that cold shock elicits action potentials that would tend to confirm a plasma membrane source for Ca2+ in this case (26) .
How then could the tension and compression of cells be converted into an increase in cytosolic calcium concentration? Simple models envisage sensing by an internal group of microfilaments or microtubules, much as described by Lintilac (27) , that would then be coupled to organelle calcium. This could then explain the sensitivity of wind-induced cytosolic calcium increase to ruthenium red, a putative mitochondrial channel blocker. However, we have been unable to detect effects of vinblastine or cytochalasin D (inhibitors of tubulin and actin, respectively) on windinduced cytosolic calcium elevation (data not shown).
The mechanism whereby form is generated in plants is unknown but it is likely that in critical aspects it is fundamentally different from animals (28) . Plausible morphoge-netic mechanisms that involve the sensing and interpretation of the direction of mechanical stimulation on cells in growing tissues have been described (27, 29, 30) . The plane of cell division is reoriented and cells are partitioned to continually minimize the mechanical stress throughout the whole tissue; new form is generated in a kind of structural epigenesis. Our experimental data suggest that mechanical stimulation in plant cells may be sensed through the ubiquitous second messenger calcium, an ion believed to be concerned with the differentiation of functions within the cytoplasm of single plant cells (17, 28, 31) . A much more basic function for calcium is now suggested; a function central and crucial to the generation of multicellular plant form itself.
